A significant proportion of patients with schizophrenia demonstrate abnormalities in dorsal prefrontal regions including the dorsolateral prefrontal and dorsal anterior cingulate cortices. However, it is less clear to what extent abnormalities are exhibited in ventral prefrontal and limbic regions, despite their involvement in social cognitive dysfunction and aggression, which represent problem domains for patients with schizophrenia. Previously, we found that reduced white matter integrity in right inferior frontal regions was associated with higher levels of aggression. Here, we used resting-state functional magnetic resonance imaging to examine amygdala/ventral prefrontal cortex (vPFC) functional connectivity (FC) and its relation to aggression in schizophrenia. Twenty-one healthy controls and 25 patients with schizophrenia or schizoaffective disorder participated. Aggression was measured using the Buss Perry Aggression Questionnaire. Regions of interest were placed in the amygdala based on previously published work. A voxelwise FC analysis was performed in which the mean time series across voxels for this bilateral amygdala seed was entered as a predictor in a multiple regression model with motion parameters and global, cerebrospinal fluid, and white matter signals as covariates. Patients showed significant reductions in FC between amygdala and vPFC regions. Moreover, in patients, the strength of this connection showed a significant inverse relationship with aggression, such that lower FC was associated with higher levels of self-rated aggression. Similar results were obtained for 2 other measures-Life History of Aggression and total arrests. These results suggest that amygdala/vPFC FC is compromised in schizophrenia and that this compromise is associated with aggression.
Introduction
Schizophrenia has been characterized as a disorder of brain connectivity. 1 This hypothesis has been tested using diffusion tensor imaging (DTI), which has shown that white matter integrity is disrupted in a number of different regions in individuals with schizophrenia, [2] [3] [4] although the pattern of results differs across studies. 5 Abnormalities in white matter integrity in schizophrenia have been associated with reduced visual evoked potential amplitudes, 6 hallucinations, 7, 8 negative symptoms, 9 aggression and impulsivity, 10, 11 and poor cognitive performance. 8, 12 Moreover, they are present in first-episode 8, 13 schizophrenia and childhood-onset 14 schizophrenia populations. Taken together, these studies provide a strong structural basis for the idea that deficits in connectivity are implicated in the pathophysiology of schizophrenia.
The confirmation of deficiencies in white matter integrity in schizophrenia suggests that dynamic functional interactions between brain regions would also be disrupted in the disorder. These relationships can be examined using resting-state functional connectivity (FC), which refers to the temporal correlation of brain activity across disparate regions. In 1995, Biswal et al 15 discovered that spontaneous low-frequency oscillations in the restingstate blood oxygen level-dependent signal were synchronized across motor cortices. Since that time, a number of different cortical and subcortical functionally connected networks have been identified under resting-state conditions, as well as during task performance, during sleep, and under light sedation. [16] [17] [18] [19] [20] These ''intrinsic connectivity networks'' (ICNs 21 ) correspond to functionally relevant systems in the brain. 15, 16, 19, 22 Several studies of FC have been conducted in schizophrenia. Widespread functional disconnectivity and decreased regional homogeneity (a measure of the strength of correlations between voxels that are members of the same ICN) have been found under resting conditions in schizophrenia. 23, 24 The FC of the default-mode network (DMN) and its anticorrelated ''task-positive'' network also seem to be abnormal in schizophrenia, and these abnormalities have been correlated with more severe symptomatology. 25, 26 Moreover, reduced FC is seen between the dorsolateral prefrontal cortex (DLPFC) and the parietal lobe, posterior cingulate, thalamus, and striatum of first-episode schizophrenia patients. 27 In addition, reduced frontotemporal FC during an n-back working memory task was found in medication-naive patients with schizophrenia. 28 Finally, patients with schizophrenia have reduced task-based FC between DLPFC and hippocampal cortices. 29 Most oftheseinitialstudiesinschizophreniahavefocused on either the DMN broadly or the DLPFC. Little attention has been paid to the role of amygdalar/ventral prefrontal cortex (vPFC) circuitry specifically, 30, 31 despite its role in social processing and cognition, 32 which are particularly associated with functional impairments in schizophrenia. Involvement of these circuits is supported by reduced asymmetry of white matter integrity in the uncinate fasciculus, 33 which connects orbitofrontal cortex (OFC) and medial temporal regions, in patients with schizophrenia.
Amygdala/vPFC circuitry is thought to play an important role in the suppression of impulsive/aggressive behaviors. 31, 34 For example, damage to the vPFC is associated with increased aggression and hostile attitudes. 35 Patients with schizophrenia show increased levels of aggression, which is particularly augmented by comorbid substance abuse, although the association is present even in nonusers of illicit substances. 36 Aggression in schizophrenia has been associated with abnormal total OFC volumes 37, 38 and reduced white matter integrity in right inferior frontal regions. 10 Similar results for orbitofrontal volumes have been observed in suicidality. 39 Accordingly, we sought to examine resting-state FC in amygdala/vPFC circuitry in patients with schizophrenia or schizoaffective disorder compared with healthy volunteers. In order to do so, we selected the amygdala regions of interest (ROIs) defined by Stein et al 40 in their analysis of connectivity in a frontolimbic network comprising the cingulate, insula, DLPFC, and parahippocampal gyrus, as well as the amygdala and OFC, which was based on known anatomical connectivity patterns in macaques. Based on the findings of elevated aggression in schizophrenia and our prior work demonstrating that aggression was associated with reduced integrity of ventral prefrontal white matter in patients with schizophrenia, 10 we also examined the relationship between amygdala/ vPFC FC and aggressive attitudes in these same patients. We predicted that (1) patients would show reduced FC between amygdala and vPFC; (2) patients would show increased levels of aggressive attitudes; and (3) among patients, measures of aggressive attitudes would be associated with FC deficits. To examine the specificity of the findings to regions functionally connected with the amygdala, we also examined correlations between the Buss Perry Aggression Questionnaire (BPAQ) 41 and FC to other seeds in the Stein et al 40 network (ie, bilateral OFC, subgenual and supragenual anterior cingulate, and bilateral DLPFC). Because we had no a priori hypothesis regarding the laterality of effects, we used bilateral seeds in amygdala, OFC, and DLPFC.
Methods

Participants
Participants were 21 healthy controls and 25 patients who met Diagnostic and Statistical Manual of Mental Disorders (Fourth Edition, Text Revision) (DSM-IV-TR) criteria for schizophrenia (n = 21) or schizoaffective disorder (n = 4) after a Structured Clinical Interview for DSM-IV-TR Axis I Disorders, Patient's Version. 42 The patient group was comprised of 18 inpatients and 7 outpatients. With regard to schizophrenia subtypes, one patient has schizophrenia-disorganized, 7 have schizophrenia-paranoid, 3 have schizophrenia-residual, and 10 have schizophrenia-undifferentiated.
Participants with a lifetime history of substance dependence or who met criteria for a substance abuse diagnosis within the 6 months prior to assessment were excluded from the study, as were participants with a history of electroconvulsive treatment, head injury with loss of consciousness greater than 10 minutes, neurological disorders, or human immunodeficiency virus seropositivity. Urine toxicology screens for substances of abuse were negative for all subjects. Medication dosages (chlorpromazine equivalents) were computed according to the American Psychiatric Association guidelines. 43 The conversion factors for the 2 patients who were taking risperidone Consta were obtained from the Schizophrenia Patients Outcomes Research Team treatment recommendations (http:// www.ahrq.gov/clinic/schzrec.htm). Demographic data are given in table 1. All participants signed informed consent as approved by the local institutional review boards.
Assessments
Psychopathology was assessed using the Positive and Negative Syndrome Scale. 45 Aggressive attitudes were measured using the BPAQ, 41 which is a 29-item selfreport scale. The total score served as the dependent measure in this study. Data were missing for one patient on these measures.
Aggressive histories were measured using the total score on the Life History of Aggression (LHA 46 ), which is an 11-item self-report interview. Data were missing for 3 subjects on this measure.
In a prior study on men with schizophrenia that included patients with comorbid substance abuse/ Amygdala Functional Connectivity in Schizophrenia dependence, 10 we found that scores on the Buss Durkee Hostility Inventory (BDHI) 47 (the predecessor of the BPAQ) were significantly correlated with arrests for violent charges as gleaned from New York State criminal history records, which are available for inpatients at the study site, r = .65, n = 14, P = .02. This suggests that the BDHI could be used as a valid measure of aggression in patients. The BPAQ, used in the current study, is a more refined set of items derived from the BDHI. The range of arrests for violent offenses was restricted in the current sample (range = 0-2), possibly because none of the patients in the current study had significant substance abuse/ dependence histories. However, BPAQ total scores were correlated with total arrests (range = 0-5) in the current sample (r = .78, n = 17, P = .0002, arrest data unavailable for 9 patients). These results support the validity of the BPAQ as a measure for aggression in our population.
Magnetic Resonance Imaging
Scanning took place on the 1. 
Postprocessing
Resting-state data were processed as described elsewhere in detail. 19, 48, 49 Briefly, the first 10 volumes were discarded to eliminate T1 relaxation effects. Thereafter, images were motion corrected, time shifted, and despiked using AFNI. 50 Next, time series were smoothed using a 6-mm full width-half maximum (FWHM) Gaussian kernel, temporally filtered, and normalized to Montreal Neurological Institute (MNI) space (1 3 1 3 1 mm 3 resolution) using FSL (www.fmrib.ox.ac.uk/fsl).
The MPRAGE also was normalized to MNI space and was segmented using FSL's FAST software. The gray matter, cerebrospinal fluid (CSF), and total brain signal time series were then extracted using masks derived from the MPRAGE segmentation. These time series as well as the time series for the 6 motion parameters were used as covariates in a general linear model (GLM).
FC Analyses
To obtain time series for each seed in each participant, we (1) transformed the subject's time series into MNI space using a 12 degrees of freedom linear affine registration implemented in FMRIB's Linear Image Registration Tool (FLIRT) (voxel size = 1 3 1 3 1 mm 3 ) and (2) calculated the spatial mean time series (across all voxels) for 2 For each ROI, individual participant analyses were carried out with the GLM implemented in FSL's FEAT toolbox using the seed-based regression approach employed in our prior work. 19, 48 The time series for the ROI as well as for the nuisance covariates (time series regressors for global signal intensity, white matter, CSF, and 6 motion parameters) were entered as predictors. We produced individual subject-level maps of all positively correlated voxels for each ROI seed, correcting for multiple comparisons at the cluster level using Gaussian random field theory (minimum z > 2.3; cluster significance: P < .05, corrected).
Group-level analyses were conducted using FMRIB's Local Analysis of Mixed Effects (FLAME), which produced thresholded z-score maps of activity associated with each ROI. These maps revealed networks for patients and controls, as well as difference maps (ie, group difference maps). Talairach coordinates were derivedfromtheMNIcoordinatesusing theMNItoTalairach Coordinate Converter (http://www.bioimagesuite.org/ Mni2Tal/index.html), and brain localizations were derived from the Talairach Daemon (http://www.talairach.org/ daemon.html). Surface maps of images in Talairach space were generated using SUMA, a part of AFNI. 50 Correlations between aggression and resting-state FC were performed using a 2-tailed a level of .05.
Results
Functional Connectivity
Talairach coordinates and cluster information are given in table 2. Across groups, FC analyses for the amygdala seed revealed significant correlations within a very large cluster that included bilateral lentiform nuclei and parahippocampal gyri, right inferior frontal gyrus (Brodmann area [BA] 47), and right superior temporal gyrus (STG; BA 38).
Group analyses revealed marked reductions in FC between the amygdala seed and portions of vPFC (see figure 1 ). More specifically, compared with controls, patients exhibited reduced amygdala-based FC bilaterally with rostral anterior cingulate cortex (BAs 24 and 32) and medial prefrontal gyrus (BA 10). They also showed reduced amygdala-based FC with left inferior frontal gyrus (BA 47) and middle frontal gyrus, as well as left lentiform nucleus. Overall, the FC regions appear to be more diffuse in patients (figure 1, second and fourth rows). A scatterplot of group differences in FC is presented in figure 2 . For the OFC-seeded network, we observed significant correlations within the inferior frontal gyrus bilaterally, in the left supramarginal and superior frontal gyri, and in right STG and precentral gyrus. FC was lower in patients than controls in the insula, claustrum, STG, and anterior cingulate cortex (BA 24) bilaterally; in the left thalamus and medial frontal gyrus (BA 32); and in the right inferior parietal lobule and postcentral gyrus (see Supplementary  Figure 1, Supplementary Table 1 ). There were no significant group differences in FC for the subgenual anterior cingulate cortex (ACC), supragenual ACC, or DLPFC networks (see Supplementary Figures 2-4 , Supplementary Tables 2-4 ).
Behavioral Data
Mean BPAQ scores are given in table 1. As expected, patients had higher scores than controls on the BPAQ total score, t = 2.25, P = .015, one-tailed. Similar results were obtained when the patient group was limited to only those with a diagnosis of schizophrenia, t = 1.99, P = .026, one-tailed.
Mean LHA scores are given in table 1. As expected, patients trended toward higher scores than controls on the LHA total score. Similar results were obtained when the patient group was limited to only those with a diagnosis of schizophrenia. The LHA and BPAQ scores were highly correlated in both patients (r = .66, P = .001) and controls (r = .63, P = .002).
Relations Between FC and Behavior
Across groups, amygdala/vPFC FC in the region in which patients and controls differed correlated strongly and negatively with BPAQ scores, r = À.55, n = 45, P = 8.6 3 10
À5
. This correlation was highly significant in patients, r = À.66, n = 24, P = .0004 (see figure 3 ; correlations were similar for each hemisphere, r left = À.44, P = .033; r right = À.56, P = .005). The correlation between BPAQ and amygdala/vPFC FC in the difference region was similar, r = À.68, n = 20, P = .0009, when the 4 patients with schizoaffective disorder were excluded from the analysis. FC data for the left and right difference regions are shown in Supplementary Tables 5 and 6 and Supplementary Figures 5 and 6 . Similar results were obtained for number of the LHA total score (r left = À.24, n = 22, P = .29; r right = À.41, P = .057; r bilateral = À.46, P = .029) and total arrests (r left = À.34, n = 17, P = .18; r right = À.64, P = .005; r bilateral = À.65, P = .005). Thus, as predicted, higher levels of aggression in patients were correlated with lower amygdala/vPFC FC.
The correlation with BPAQ was not significant in controls in the region of group differences for the left or bilateral amygdala seeds (r left = À.12, n = 21, P = .60; r bilateral = À.14, P = .54) but approached significance for the right-sided seed, r = À.37, P = .10. Correlations with LHA were not significant for right or bilateral seeds (r's > À.28, n = 21, P's > .21) but approached significance for the left-sided seed (r left = À.37, P = .10).
Total scores on the BPAQ were not significantly correlated with FC in OFC control-patient difference regions or with FC associated with supragenual cingulate, subgenual cingulate, or DLPFC regions (there were no group differences for those latter seeds). None of the correlations were significant for either group (P's > .15).
Partial correlation analyses showed that the relationship between total BPAQ and amygdala/vPFC FC regression coefficients in patients remained significant even after accounting for age. Furthermore, neuroleptic medication dosage did not account for this relationship for the patient group.
To further specify the location of the BPAQ/FC relationship for the amygdala-seeded network, we entered the demeaned BPAQ score in a voxelwise analysis on the amygdala/vPFC data for patients, with the search space limited only to the region in which patients had lower FC than controls. Scores on the BPAQ were significantly correlated with the regression coefficient for this contrast in an 865-voxel cluster with cluster maxima at (À8, 20, 1) that was significant at P = 2.6 3 10
, corrected, and a 373-voxel cluster at (19, 57, À2), P = .016, corrected.
Discussion
We found that FC between the amgydala and vPFC is disrupted in medicated patients with schizophrenia and schizoaffective disorder. Moreover, in patients, amygdala/vPFC FC showed a robust inverse relationship with self-reported aggression, especially with the rightseeded network, such that higher levels of aggressive attitudes were associated with a reduced positive, trending toward negative, FC between amygdala and vPFC. In addition, in patients, the results were consistent across 2 other measures of aggression, albeit less strongly in the case of the LHA. On balance, then, the results support the idea that amygdalofrontal functional disconnectivity is associated with aggression and antisocial behavior. These correlational results were specific to amygdala/ vPFC FC because they were not found for resting-state FC derived from seeds in OFC, supra-or subgenual cingulate, or bilateral DLPFC.
These results are consistent with increasing evidence that ventral prefrontal regions involved in social cognition are dysfunctional in schizophrenia. 31, 51 Recent work, including that from our laboratory, has shown that aggression is associated with abnormalities in this region. For example, in men with schizophrenia, we found that abnormal right ventral prefrontal white matter integrity was associated with increased impulsivity and aggression. 10 These effects were specific to ventral prefrontal regions because they were not observed in more dorsal frontal regions. Volumetric abnormalities in OFC also have been associated with aggression. 37, 38 The reduced FC seen in the amygdala/vPFC network is not simply a reflection of a general reduction in FC in schizophrenia. Although FC was reduced in networks associated with OFC seeds, such was not the case for networks based in the subgenual ACC, supragenual ACC, or DLPFC.
Our results also contrast with findings that reduced FC between amygdala and anterior cingulate has been associated with depression, 52 suggesting that different patterns of amygdalar disconnectivity result in different symptomatologies. Similarly, abnormalities in FC between the amygdala and DLPFC have been found in response to facial expressions of anger presented during scanning in patients with schizophrenia. 53 The developmental pattern of these connections is not known, but they may reflect cortical immaturity in schizophrenia, as has been proposed. 54 The current study has a number of limitations. The region of reduced connectivity lies in a region prone to magnetic susceptibility artifacts. However, such artifact might diminish the likelihood of detecting group differences. Second, the amygdala is a small and heterogenous structure that does not comprise a single functional unit. However, the ROI chosen for the current article was based on that used by Stein et al 40 in their anatomically based effective connectivity study of the amygdala. Moreover, at the current resolution afforded by fMRI, it is difficult to study functional subunits. This remains a target for future work. Another issue that is of relevance is the unconstrained nature of the resting state. We should point out in this regard that Fransson 55 examined so-called task-unrelated thoughts (concerning inner speech, imagery, planning for the future, episodic memory, and task-unrelated attention) and found that these were correlated with neither activation during a working memory task nor resting-state activation in the DMN. Moreover, the unconstrained nature of the task would presumably add noise to the results, weakening statistical power. This stands in contrast to the strong effects commonly observed in such studies. 48, 56 Most significantly in this regard, our group has shown short-and long-term test-retest reliability in the moderate to high range for FC during rest. 57 Finally, patient participants all had chronic schizophrenia or schizoaffective disorders and were all on antipsychotic medication. However, medication dosages did not account for our group differences in voxel-based analyses or for the relationship between decreased FC and increased aggression. Moreover, in a subanalysis in which patients with schizoaffective disorder were omitted, the correlation between total BPAQ scores and amygdala/vPFC FC regression parameter estimates in the group difference region was almost identical to that in the larger analysis.
The current findings show that FC between amygdala and frontal regions are disrupted in schizophrenia and add to a growing literature suggesting abnormalities in both those regions. The significant correlation between reduced amygdala/vPFC FC in patients and aggression is consistent with our prior DTI findings in schizophrenia. 10 These results point toward the potential merits of employing multimodal assessments of structural and functional frontolimbic connectivity in patients with schizophrenia in future studies.
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